Objectives Screen-viewing in late childhood has been associated with adiposity and blood pressure (BP), but evidence is lacking at younger ages. To investigate the prospective associations of total and device-specific screen-viewing at age 2-3 years with BMI, sum of skinfold thicknesses and BP among Singaporean children at age 3-5 years. Methods As part of the Growing Up in Singapore Towards healthy Outcomes (GUSTO) cohort, mothers/caregivers reported the time per day their 2 and 3-year-old children watched/used television, handheld devices and computers. Average screenviewing time (total, television and handheld-devices) at ages 2 and 3 years was used in the analyses. Height; weight; triceps, biceps and subscapular skinfold thicknesses; and systolic and diastolic BP were measured at ages 3, 4 and 5. Associations of screen-viewing with BMI, sum of skinfold thicknesses and BP in 956 children were investigated using repeated-measures linear regression models. Analyses were further stratified by sex as we found significant interaction. Results Among boys and girls combined, screen-viewing was positively associated with sum of skinfold thicknesses, but not with BMI or BP. Sex-specific analyses showed significant associations with both BMI and sum of skinfold thicknesses in boys, but not in girls. Screen-viewing was not associated with BP in boys or girls. The increases in mean (95% CI) BMI per hour increase in daily total, television and handheld-devices screen-viewing among boys were 0.12 (0.03, 0.21), 0.18 (0.06, 0.30) and 0.11 (−0.07, 0.29) kg/m 2 , respectively. The corresponding increases in mean sum of skinfold thicknesses were 0.68 (0.29, 1.07), 0.79 (0.26, 1.32) and 1.18 (0.38, 1.99) mm. Conclusions Greater screen-viewing at age 2-3 years was associated with later adiposity at 3-5 years in boys, but not in girls. In light of the increasing use of screen devices and cardiometabolic risk in young children, these findings may have important public health implications.
Sex-specific longitudinal associations of screen viewing time in children at 2-3 years with adiposity at 3-5 years 
Introduction
Overweight/obesity and hypertension are risk factors for adult cardiometabolic diseases including coronary heart disease and type 2 diabetes, which account for up to 7.6 million deaths per year worldwide [1, 2] . The World Health Organization has reported that 41 million children aged ≤ 5 years were overweight or obese [3] , and international studies have reported a prevalence of hypertension/high blood pressure in children and adolescence as high as 22.3% [4] . Overweight/obesity and elevated blood pressure (BP) are known to track from childhood to adulthood [2, 5] . Preventing excess adiposity and elevated BP in early childhood is therefore an important public health goal. Sedentary behavior is a potentially modifiable risk factor for adiposity and BP in childhood and adolescence [6, 7] . In children, screen-viewing, including television watching and playing video or computer games, is becoming a common sedentary behavior across the world [8] [9] [10] [11] . Previous studies have reported that 16% of Singaporean children aged ≤2 years and 25% of Canadian children aged 2-5 years spend ≥2 h per day viewing screens [9, 10] . Recent guidelines on screen time for children recommend limiting total screen time to ≤1 h per day of high-quality program for children between 2 and 5 years of age and avoiding digital media use in children younger than 18-24 months [12] . Excessive screen-viewing has become a major public health concern, as early childhood screen-viewing behavior tracks over time [13] .
Higher screen-viewing may be associated with greater adiposity and blood pressure in children aged 2-16 years [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, the majority of previous studies have not differentiated between television viewing and other types of screen devices [20, [22] [23] [24] [25] , which are becoming increasingly common [26] . Few studies have investigated the associations of computer, and electronic video game use with adiposity and BP in young children, and the results have been inconsistent [14, 21, 27, 28] , To our knowledge, none have examined smartphones and tablets, whose usage is increasing even in toddlers [26, 29] . Furthermore, an important limitation of previous studies includes their predominantly cross-sectional design [14] [15] [16] [17] [18] 20] . Longitudinal studies are few [19, 27, 30] , and to our knowledge, only one study has investigated the prospective association in children ≤5 years of age [30] .
Evidence has also suggested that screen-viewing effects on adiposity and BP may differ by sex in older children, however, published findings remain inconsistent, warranting further investigation [23, 27, 31] . Hence, we investigated associations between screen-viewing at ages 2-3 years and adiposity and BP at ages 3-5 years, stratifying our analyses by sex.
Methods

Study design
The Growing Up in Singapore Towards healthy Outcomes (GUSTO) study is an ongoing pregnancy-offspring observational cohort. GUSTO enrolled pregnant women attending their first-trimester antenatal clinic visit between June 2009 and September 2010 at two major public maternity units in Singapore: KK Women's and Children's Hospital (KKH) and National University Hospital (NUH). Pregnant women <14 weeks of gestation from Chinese, Malay or Indian ethnicity, aged ≥18 years, who were Singapore citizens or permanent residents, had the intention of delivering in the study centers and of staying in Singapore for at least the next 5 years, and agreed to donate biological tissue samples were invited to participate in the study. Women with type 1 diabetes or who received chemotherapy or psychotropic drugs were excluded. The protocol of GUSTO study has been detailed previously [32] . The study received approval from ethics committees: SingHealth Centralized Institutional Review Board and National Healthcare Group Domain Specific Review Board in Singapore. All participants gave written informed consent.
Screen-viewing time (SVT)
During clinic visits at ages 2 and 3-years, trained interviewers asked the parents or caregivers how much time their children spent in activities involving screens. Time was reported in 5-minute increments for both weekdays and weekend days. Three types of screen media were considered: 1) television viewing/playing time (e.g., PlayStation®, Wii™, Xbox™), 2) computer time (desktop or laptop), and 3) time using hand-held devices (e.g., Game Boy®, hand-phones or tablets). The average weekday and weekend day SVTs were summed, then divided by 7 [(weekday × 5 + weekend day × 2)/7] for each devicespecific screen time to obtain daily television viewing time (TVT), handheld device viewing time (HDVT) and computer time. All types of screen time (TVT + HDVT + computer) were summed to obtain total SVT. To reduce reporting error, the average SVT (total, TVT and HDVT) at ages 2 and 3 was calculated and used for analyses [29] .
Anthropometric measurements
Standardized protocols were used for all anthropometric measurements, as detailed previously [33, 34] . Briefly, weight (to the nearest gram) and height (to the nearest 0.1 cm) of children were measured up to three times at clinic visits at ages 2, 3, 4 and 5 years by trained research staff using a weighing scale (SECA model 803) and a stadiometer (SECA model 213, Hamburg, Germany), respectively. Triceps, biceps and subscapular skinfolds (to the nearest 0.2 mm) of the children were also measured up to five times using Holtain skinfold calipers (Holtain Ltd, Crymych, UK) at the 2, 3, 4 and 5 year clinic visits. Repeated readings of each measurement at each visit was averaged. BMI (kg/m 2 ) was derived from average weight (in kg) divided by squared average height (in m²) for each visit. The sum of skinfolds (SSF) at each visit was calculated by adding the average biceps, triceps and subscapular skinfolds. We used BMI and SSF as measures of adiposity.
Blood pressure measurements
Blood pressure was measured at ages 3, 4 and 5 years by trained staff during clinic visits. The child was required to sit quietly with the mother for at least 5 min prior to measurement. Systolic BP (SBP) and diastolic BP (DBP) were each measured twice from the right brachial artery with the arm resting at the chest level, using a Dynamap CAR-ESCAPE V100 (GE Healthcare, Milwaukee, WI). If there was a difference between the two readings of SBP or DBP of ≥10 mm Hg, a third measure was obtained. BPs measured when the child was crying or moving were excluded. The average of all included readings in each visit was calculated and used for analysis.
Covariates
Maternal age, ethnicity, educational level and prepregnancy weight were obtained at recruitment as part of an interviewer-administered questionnaire. Data on children's time spent outside in playing/exercising activities were collected with SVT data as a part of an intervieweradministered questionnaire at ages 2 and 3 years, and the average of these activities was calculated and used for analyses. Maternal self-reported pre-pregnancy weight and height measured at 26-28 weeks of gestation, and paternal weight and height were measured at the 2 or 3-year clinic visit, using a weighing scale (SECA model 803) and a stadiometer (SECA model 213, Hamburg, Germany); these were used to calculate maternal pre-pregnancy and paternal BMIs (kg/m 2 ).
Statistical analyses
Frequencies, percentages, means and standard deviations were calculated for categorical and continuous variables, respectively. Differences in screen time (total SVT, TVT and HDVT) between groups of each characteristics of participants were tested with one-way ANOVA. Chi-square tests and independent t-tests were used to test differences between included and excluded children. Approximately 36.3% of participants had missing values for one or more of the covariates. We performed multiple imputation of 50 datasets using chained equations to handle missing data on covariates [35] . Outcome and exposure variables were not imputed, but they were accounted in the imputation procedure [36] . Results from these 50 datasets were combined using the multiple imputation model to provide pooled estimates. The imputation was limited to the number of children with non-missing data for the exposure and at least one of the outcomes (n = 956). Complete case analysis was carried out as a sensitivity analysis.
Multivariable repeated-measures linear regression models were used to estimate associations of average total and device-specific SVT at age 2-3 years with BMI, SSF and BP at age 3-5 years. These models account for the nonindependence of repeated outcome measures at ages 3, 4 and 5 years. All models were adjusted for the following demographic and lifestyle factors as potential confounders: ethnicity, sex, average of time spent outside playing/exercising activities at age 2-3 years; maternal age, education, and pre-pregnancy BMI; paternal BMI; and study centre. In addition, BMI at age 2 years was adjusted for when assessing the associations with BMI and BP, and SSF at age 2 was adjusted to assess associations with SSF. Ethnicity, sex, maternal education and study center were analyzed as categorical variables in all models, with other covariates analyzed as continuous variables. In models with TVT and HDVT as exposures, each exposure was adjusted for the other. An interaction term between each SVT exposure and age at outcome assessment was added to the models, and tested the magnitude of associations by age. Previous studies suggest that effects of SVT on adiposity and BP may differ by sex; [37] [38] [39] the interaction between each SVT exposure and sex of the children was therefore tested and analyses were stratified by sex. Non-linearity of relationships between exposures and outcomes were assessed by including squared terms for SVT in models. All statistical analyses were carried out using SPSS v25 (IBM, Chicago, IL, USA).
Results
A total of 1172 children were enrolled in the GUSTO cohort. Of those, 956 (81.6%) reported SVT and had BMI and/or sum of skinfold thickness and/or BP measured at one or more follow-up ages (Fig. 1) . The 216 (18.4%) children with missing data for exposure and/or all outcome variables were similar to included children in relation to sex, ethnicity, BMI and SSF at age 2 years, and SVT (p > 0.05). SVT (total, TVT and HDVT) in study children is presented in Table 1 ; SVT did not vary by sex of the children (p > 0.05). However, at least one of the SVT exposures varied by ethnicity, maternal age, maternal education, maternal prepregnancy BMI, paternal BMI, time spent in outdoor playing/exercising activities, BMI and SSF at age 2 years and study center (all p < 0.05).
Associations of total-SVT with BMI, SSF and BP
In the overall sample, total-SVT was not associated with These associations were not observed in girls. Total SVT was not associated with BP in either boys or girls ( Table 2) .
Associations of TVT with BMI, SSF, and BP
In the overall sample, TVT was not associated with BMI after adjustment for potential confounders Further analyses revealed that the mean increases in SSF per hour increase in daily total SVT, TVT and HDVT were higher at ages 4 and 5 years than at age 3 years in the overall sample. The similar associations were found in boys but not in girls (Fig. 2) . The above findings were similar in the complete case analysis (Supplementary Table 1 ). The test of non-linearity of the relationships between SVT and BMI and SSF was not rejected (P non-linearity > 0.05).
Discussion
In our multi-ethnic longitudinal cohort, we observed that greater SVT was associated with higher SSF and BMI in boys, but not in girls. No associations were observed with BP in boys or girls. The findings were consistent across different types of screens that we examined. To our knowledge, GUSTO is the first study to investigate associations of total-SVT and HDVT with adiposity (BMI and SSF) and BP in children ≤5 years of age. Previously, the EDEN mother-child cohort among French children suggested that TV/DVD time of 2-year-old was not related to BMI at age 5, but related to percentage of body fat in boys [30] . A recent review and meta-analysis of prospective studies of children of all ages reported strong evidence of a positive relationship between SVT and later BMI. The review found, however, insufficient evidence with regards to the effects of types of devices on BMI, SSF or BP [40] .
In general, our findings in boys support previously observed associations from cross-sectional studies with predominantly older children, strengthening the evidence that greater SVT early in life, particularly TVT, is associated with higher BMI and SSF [14, 15, 21] . We found little evidence for such associations in girls. A prospective study of 6-year-old Australian children reported that increased total-SVT and TVT were associated with higher BP 5 years later [27] . We observed no similar associations in our cohort. Differences in assessment tools, ages of the children at which exposure and outcome were measured, and duration of follow-up across studies may help explain these discrepant results.
One of the possible mechanisms underlying associations between SVT and adiposity is that SVT may displace physical activity and thus reduce energy expenditure. SVT might also increase adiposity by disrupting sleep (sleep onset latency, frequent night waking or difficulty in awakening). Finally, children who spend more time viewing screens are more exposed to food advertisements and may therefore have less favorable dietary habits, such as snacking while watching television, which could also increase adiposity [22, 24, [41] [42] [43] .
We observed sex-specific associations in our cohort. Previous prospective studies have investigated effect modification by sex in children, but their results have been inconsistent [30, 31, 44] . A study conducted among American children (aged 9 to 16 years) found SVT to be associated with higher BMI in both sex [31] . Another study conducted among UK children (aged 7-11 years) found TV/ DVD time to be associated with increased risk of Sex-specific longitudinal associations of screen viewing time in children at 2-3 years with. . . overweight in girls only [44] . In contrast, a study among French children (aged 2 years) reported that it was associated with higher percentage of body fat in boys only [30] . We observed stronger associations in boys. In our study context, SVT may be a better proxy for sedentary behavior in boys than in girls. For example, boys who are not watching screen devices might instead engage in physical activity, whereas girls might engage in other sedentary activities. Previous studies in older children have reported that girls have many types of sedentary behaviors and are more sedentary than boys [45] . Further investigation in various contexts is needed to confirm these sex differences.
We also observed that the magnitude of associations of SVT with SSF differed by age. Compared to the mean increase in SSF per hour increase in daily SVT at age 3 years, the mean increases were higher at ages 4 and 5, particularly in boys. It will be of great interest to follow whether these associations persist, decline, or strengthen as our cohort ages. Table 2 Associations between average of screen viewing time at age 2-3 years and adiposity and blood pressure at ages 3-5 years, GUSTO cohort SVT screen viewing time, TVT television viewing time, HDVT handheld devices viewing time, BMI body mass index, SSF sum of skinfold measures, SBP systolic blood pressure, DBP diastolic blood pressure a Adjusted for age (visit), sex, ethnicity, maternal age and education, maternal pre-pregnancy BMI, paternal BMI, study center and average of outdoor physical activity at age 2-3 years visit b all the above + BMI at age 2 years c all the above + sum of skinfold at age 2 years
In models with television viewing time and handheld devices viewing time as exposures, each exposure was adjusted for the other Bold: significant associations (p < 0.05), p-values were determined by multivariable repeated measures linear regression Our study has several important strengths. First, our longitudinal design and repeated measures of exposures and outcomes help understand the temporal relationship between SVT and adiposity. Second, we used comprehensive and objective methods to quantify adiposity and BP. Limitations of our study include the fact that SVT was reported by parents or other caregivers, rather than directly observed. However, total and device-specific SVT data were collected as part of a structured interview questionnaire and administered by trained interviewers at two time points, with the average used for all analyses, which should improve the validity of our exposure measurements. SVT was not measured at 4 or 5 years, which prevents us from investigating of associations between changes in screen time from ages 3 to 5 years and adiposity and BP. Residual confounding due to other unmeasured factors, such as moderate and vigorous physical activity, age at adiposity rebounding, BP at 2 years of age and comorbidities, cannot be excluded. Further follow-up of our cohort, including contextual information about SVT, should shed light on the relationships between SVT and later adiposity and BP. Finally, our cohort is not necessarily representative of the general Singaporean population, limiting external validity of our findings. For instance, the GUSTO cohort was designed to oversample Malay women [32] . Nonetheless, our findings add to the existing evidence base and should be useful in designing future observational studies, as well as for developing and testing interventions to reduce SVT, screen viewing time; TVT, television viewing time; HDVT, handheld devices viewing time; SSF, sum of skinfold measures. Adjusted for age (visit), sex, ethnicity, maternal age and education, maternal pre-pregnancy BMI, paternal BMI, study center, average of outdoor physical activity at age 2&3 years visit, and sum of skinfold at age 2 years. In models with television viewing time and handheld devices viewing time as exposures, each exposure was adjusted for the other. *Significant associations (p<0.05), p-values were determined by multivariable repeated measures linear regression Fig. 2 Mean increases in sum of skinfolds at age 4 and 5 years (vs 3 years) in relation to screen viewing time, GUSTO cohort early childhood SVT as part of strategies to reduce later obesity and cardiometabolic risk.
In conclusion, this study shows that total SVT, TVT, and HDVT at 2-3 years were positively associated with adiposity at 3-5 years in boys, but not in girls. No associations with BP were observed in either sex. Future studies should include both subjective and objective assessments of type and context-specific SVT and adiposity and cardiometabolic outcomes. Use of screen devices is increasing sharply among very young children, and rigorous evidence is required to develop effective public health strategies in early childhood to prevent later adverse cardio-metabolic outcomes.
